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Abstract
The shaping for the ATLAS electromagnetic calorimeter is discussed and the
analytical expressions for signal and noise, taking into account the preamplier
risetime, are detailed. A monolithic CR RC
2
shaper has been realized using Bi-
CMOS technology. It provides a high gain and a low gain output to accomodate
the maximum 16 bit dynamic range of the detector. The peaking time for a step
input can be tuned with a 4 bit logic between 25 and 40 ns. The noise referred to




Hz with 100 mW power dissipation.
1 Introduction
The shaper, located between the preamplier and the readout chain, optimizes the signal
to noise ratio which is the quadratic sum of the electronic noise (decreasing with slower
shaping) and pileup noise (increasing with slower shaping). For the ATLAS electromag-
netic calorimeter [1], the high levels of pileup at high luminosity require a peaking time for
the calorimeter signal around 40 ns (corresponding to t
p
()  20 ns). At lower luminosity,
an equivalent slower shaping is achieved by digital ltering with multiple samples [2]. A
good peaking time uniformity would be an advantage to reduce the cost and complexity
of the digital readout.
The shaper also provides additional amplication to bring the preamp noise into the
mV range rendering the noise of the readout chain negligible. However, the very large
dynamic range (16 bits) anticipated in ATLAS [1] makes this last feature unachievable.
One solution is to compress the dynamic range into 10-11 bits, which matches the detector
intrinsic resolution [3]. Another option is to cut the 16 bits in two times 13 bits, with
two dierent outputs in a ratio between 8 and 16. These 13 bits match well the dynamic
range of switched capacitor arrays and ADCs that could be used for the readout [1]. Due
to the large number of channels (200,000) and their favoured location in a calorimeter
crack, the realization of an ASIC was highly desirable.
We will now describe the requirements, design and experimental results obtained
with a 4 channel monolithic circuit using AMS 1:2 BiCMOS technology
1
. The total




















Figure 1: Readout with cold current preampliers
1
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1
 For the barrel calorimeter, current preampliers
2
using Si or GaAs FETs would
be located close to the electrodes, operating at LAr temperature [4, 5] (cf. Fig.1). They
deliver positive output pulses, with a triangular shape similar to the detector current,
but of opposite polarity. These signals are sent outside the cryostat through 50 
 cables,
terminated at both ends.
 For the End-cap calorimeter, due to the high radiation environment, cable-coupled
current preampliers [6] (;T) would be located outside the cryostat, at the end of a 50 

cable (cf. Fig.2). They terminate the cable in its characteristic impedance, but are non










Figure 2: Readout with cable-coupled warm preamps (;T)
Thus, the requirements for the shaper are very dierent : in the rst case, it must
accomodate a positive signal and show a constant 50 
 input impedance over the whole
dynamic range, whereas in the second case, it deals with a negative pulse, with no re-
striction on the input impedance. However, in both cases, the signal has the same shape,
leading to a similar architecture, with a strong constraint for low noise design, as the
shaper noise is not negligible (cf. 2.4.6). The present availability of only NPN transistors
in multiproject fabrication led us to start with the negative signal of the ;T.
The architecture chosen consists of one dierentiation (CR) and two integrations
(RC), usually referred to as CR RC
2
. The dierentiation minimizes the pileup contribution
due to the long decay (400 ns) of the signal from the calorimeter. It also delivers a
bipolar signal, which allows AC coupling in the following stages without baseline shifts,
as the signal area is zero. The integrations lter out the high frequencies to reduce the
electronic noise. It is not necessary here to have many integrations, which usually slightly
improve the signal to noise ratio (cf. 2.6), as this is achieved digitally further down in the
readout chain [2]. This allows minimizing the number of stages and decreases the power
consumption.
2
There are no real current preamps [7], as they always somewhat integrate the input current, nor are
there any real charge preamps as they are never perfect integrators. Moreover, they have the same transfer







the shaping time  . When 
f
  the preamp is said to be current sensitive, whereas when 
f
  the
preamp is charge sensitive.
The temporal waveforms and noise calculations obtained here with a current preamp followed by a CR
RC
n







We give here analytical expressions for the waveform at the shaper output, which are
useful in detailed Monte-Carlo simulations. They assume a current preamplier with a
nite risetime, followed by a CR RC
2
shaper.
The transfer function (2.2.1) is the output voltage in the frequency domain, it is
calculated from the electronic schematic. The impulse response (2.2.2) is its counterpart
in the time domain. It is useful to include the electronic noise in Monte-Carlo simulations,
by sending 
0
(doublets) for the series noise and  (impulses) for the parallel noise (cf.
2.4.1). The step response (2.2.3) is a good approximation of the triangle response
at fast shaping. The triangle response (2.2.4) is the actual waveform at the shaper
output. The eective integration time (2.2.5) shows the charge from the detector that
is actually taken into account after shaping.
2.2.1 Transfer function
With the fast shaping considered here, the preamplier cannot be considered as ideal and












with the notations of Fig.1 and s = j! the complex frequency. The  sign stands for the
inverting and non-inverting congurations.






(typically 10-20 ns), while the next pole is
shorter and neglected here
3








is the cable characteristic
impedance and C
d
is the detector capacitance, while the next pole (around 5 ns) is also
neglected [6].
The signal at the preamp output is similar to the input current (inverted for barrel
preamps), but slowed down due to the pole 
pa
. The risetime is often measured between































is the unity gain frequency of the preamplier. The stability of this second order system















is determined by the maximumsignal, and C
f
is added to ensure stability for a given detector
capacitance C
d
(Q < 0:5) . The price paid for this deviation from the ideal current preamp (C
f
= 0) is
an increase of the shaper noise contribution (cf. 2.4.6). This problem is alleviated by the use of a fast
technology such as GaAs (F
c
= 4 GHz) which allows smaller C
f
.
The formula is similar for the ;T [6], except that the two poles are always real, giving unconditionnal
stability.
3
The transfer function for a CR RC
2








where  is the shaper time constant ( = RC), chosen to minimize the total noise (elec-
























From the transfer functions, we can calculate the response of the overall chain to a current
impulse Q
0

















































with x = t= and  = 
pa
= .
The waveform is shown in Fig.4 with  = 1.
The maximum amplitude h
max




= , are a function
of  only. They are calculated numerically and given in Table 1. We also compute the
peaking time t
p
() between 5% and the peak, used in noise calculations (cf. 2.4.2). The
value for ! 0 gives the impulse response of the shaper alone.
2.2.3 Step response
The response to a current step I
0
at the input can be obtained by integrating the impulse













































with x = t= and  = 
pa
= .
Similarly, the maximum h
max
(), its position t
max
() and the peaking time t
p
()
between 5% and the peak are calculated numerically and given in Table 1. It can be
noted that t
p




i.e. for a 1 V sinusoidal input of frequency f
c


















0 0.2306 0.586 0.574 0.2707 2 1.820 3.395
0.2 0.2136 0.816 0.744 0.2677 2.218 1.911 3.428
0.5 0.1740 1.053 0.951 0.2535 2.557 2.161 3.632
1 0.1306 1.268 1.144 0.2240 3 2.523 4.131
1.5 0.1045 1.395 1.259 0.1986 3.328 2.803 4.640
2 0.0873 1.482 1.338 0.1781 3.587 3.028 5.127
3 0.0657 1.594 1.441 0.1477 3.983 3.381 6.038
Table 1: Maximum amplitude h
max
, peak position t
max
and peaking time t
p
(5-100%) for an




The response to the triangular detector current i





















400 ns for ATLAS with LAr [1, 11].























































))] if x > x
dr
(13)


















































































assuming the geometry described in Ref. [1], with a sampling fraction 
s
= 0:23, a suppression factor





 4:2A/GeV and t
dr
 550 ns, assuming 
s
= 0:4; e= = 0:8 and W
i
= 19 eV [9].
5
Figure 3: Response to the triangle for various preamplier risetimes, as given by Eq.(13).
Calculations made with  = 15 ns, t
dr
= 400 ns and  = 0, 0.5, 1, 1.5 and 2.
2.2.5 Eective integration time
The eective integration time t
m
is dened as the charge that is taken into account until
the triangle response reaches its peak
6











If the impulse response were perfectly symmetric, t
m
would be proportionnal to the
peaking time t
p
(). In reality, the peaking time to the step is a much better representative,
when the triangle is close to a step. It can be shown by using Eq.(18) and Table 1 that :
t
m
() = (0:66  0:02) t
p
()(19)
The eective integration time is useful to convert the noise in charge units (ENC)
into noise in energy units (cf. 2.4.2 and 2.4.4).
6

















() is the zero-crossing of the impulse response.
6
2.3 Simplied expressions
The above expressions can be simplied in practice by considering that the pole in the
preamp is very close
7
to the poles used in the shaper, i.e.   1.

























() = 1:268  .
The peaking time 5-100% is t
p
() = 1:144  .





















() = 2  and t
p
() = 2:523  .















































































Also interesting is the response to the exponential used by the calibration to

























































is the decay time constant of the exponential, set equal to t
dr
in the calibration in order to obtain the same falling slope as with the triangle [10].
7
This results from a stability requirement in the preamp (see footnote 3) that leads to 
pa
 15 ns
and noise minimization which requires t
p
() = 40 ns (cf. 2.5). The price paid for not using an innitely
fast preamp is an increase of the shaper noise contribution due to ballistic decit (cf. 2.4.6).
7
Figure 4: Normalized response to an impulse (dashed line), a step (dotted line), a triangle
(solid line) and the calibration decaying exponenial (dot-dashed line) with the simplied formulae.
The values taken are t
dr
= 400 ns and 
pa
=  = 16 ns, corresponding to t
p





() = 40 ns.
8
2.4 Noise
The electronic noise is an important contributor to the energy resolution at low energy
8
. It
is usually dominated by the preamplier performance, but with the progress made in low
noise preamps and their limited gain due to the large dynamic range, the shaper noise
cannot be overlooked (2.4.6). With the long tradition of charge sensitive electronics, the
noise is classically referred to the input in terms of equivalent noise charge (ENC) (2.4.2).
The development of current sensitive front end has introduced the specications in terms
of equivalent noise current (ENI) (2.4.3), which can easily be converted into energy units
(ENE) (2.4.4), as at fast shaping, the output amplitude is sensitive to the initial detector
current rather than to the charge delivered. At high luminosity hadron colliders, the
pileup of minimum bias events from various bunch crossings can also be considered as
a source of noise (2.4.5). The shaper is used to remove the long decay (drift time) of
the detector current to mimimize the pileup importance. This results in an optimum
shaping time (2.5), as a balance between electronic and pileup noise.
2.4.1 Electronic noise
The noise spectral density S
v




























are the preamp series and parallel noise generators and C
d
is the total
capacitance on the input (detector + preamp + strays).

















 at 89 K. The detector capacitance
C
d
varies between 150 pF and 2 nF [1] (see footnote 16).
The rms noise V
n
, due to the preamp
9
, at the shaper output is obtained by multi-
plying Eq.(27) by the module of the shaper transfer function H
sh
(s) and integrating over
8











Using gures for the ATLAS electromagnetic calorimeter [1], E is the energy in GeV, a  10% is the
sampling term due to statistical uctuations in the energy deposited in the liquid argon, b  420 MeV
(in a 3x7) comes from the electronic and pileup noise (cf. 2.5) and c  0:7% is the constant term due to
non uniformities in the mechanics and the calibration. With LKr, a  6% and b  370 MeV
9
The expression (28) is not valid in the case of ;T preamps, as the series noise is not dierentiated
by the detector capacitance, because of the cable coupling. In that case, there is no dierence between




















which is independent of C
d
[6]. The signal, however, is aected by C
d





decit, which degrades the signal to noise ratio.
9




































































series and parallel noise integrals
10

















The shaper noise e
sh











as it is not ltered by the preamp pole. It is estimated referred to the input in 2.4.6.
2.4.2 Equivalent noise charge (ENC)
The electronic noise is traditionnaly referred to the input in terms of equivalent noise
charge, dened as the charge (current impulse) on the input that would give the same






































varying functions of . However, the ratio is roughly proportionnal to the peaking time
5-100% : t
p




































































=f in which e
nW
is the usual white noise of the










































in which the integral, noted J
2
c







(1) = 1=24, but this integral cannot be calculated in the time domain.
10


















are listed in Table 2 and plotted in Fig.5. It can be seen that A
s
is
constant within 3% whereas A
p
is less invariant, especially for 0 <  < 0:5. This shows
that the peaking time to the impulse t
p
() is a good variable to specify the series noise,
but not as good for the parallel noise.
















ns in Eq.(33) yields ENC = 6630  2380 = 7050 e
 
rms.
2.4.3 Equivalent noise current (ENI)
With current sensitive electronics, it is natural to refer the noise to the input in terms
of Equivalent Noise Current (ENI) which is the current step amplitude on the input that


































()() are also widely varying functions of , but
again, the ratio scales roughly with the peaking time t
p





















The series noise is minimized for a given power dissipation by matching the input transistor capaci-
tance to one third of the detector capacitance [11]
11


















are listed in table 2 and plotted in Fig.6. It can be seen that B
p
is
constant within 2% whereas B
s
is much less invariant, especially for 0 <  < 0:5. Thus,
the peaking time to the step t
p
() is a good variable for the parallel noise, but not so good
for the series noise, which is usually dominating
13
.













() = 35 ns. Eq.(35) leads to : ENI = 126  13 = 126 nA rms.
2.4.4 Equivalent noise energy (ENE)
The equivalent noise charge or current are interesting quantities (especially to evaluate
the noise generators), but for the physics what counts is the electronic noise contribution
into the energy resolution 
el
. This is obtained by referring the rms noise to the energy
deposited in the calorimeter. It is related to the triangle response V

(t) through Eq.(11)










which is a more complex function of both  and x
dr
. However, at the high luminosity










A better estimation for the series ENI can be found by using the invariance of ENC with t
p
() and
converting with the eective integration time t
m
through : ENI = ENC=t
m























































0 0.09375 0.03125 2.559 1.006 1.012 2.777 0.881
0.2 0.0579 0.02894 2.585 0.971 0.923 2.375 0.879
0.5 0.0324 0.02315 2.738 1.009 0.897 2.256 0.882
1 0.01563 0.01563 3.113 1.024 0.895 2.236 0.886
1.5 0.00900 0.0110 3.498 1.018 0.894 2.241 0.884
2 0.00579 0.00810 3.868 1.009 0.892 2.251 0.879
3 0.00294 0.00483 4.564 0.990 0.886 2.279 0.87
Table 2: Noise and Pileup integrals for a preamplier followed by a CR RC
2
shaper. Series and
Parallel noise coecients in ENC and ENI as dened by Eq.(33) and (35).
and 
el




= 2:5A/GeV (cf. 2.2.1).
For example, with the RD3 gures used above giving ENI = 125 nA at t
p
() = 35 ns,
the equivalent noise energy is 50 MeV, in good agreement with test beam measurements
[12].
2.4.5 Pileup noise
At high luminosity hadron colliders, the very high rate of minimum bias events induces
an important pileup of events, that can be treated as a noise source. It can be calculated























in which the rst integral 
2
E




, on the shaping.
The pileup integral I
2
pu





proportionnal to  . In colliders, the pileup events often occur at xed bunch crossing
interval T
b
































When the signal peaking time t
p
() is longer than the bunch crossing interval, the dif-
ference between the discrete sum and the integral becomes negligible. A further simpli-
cation occurs when   t
dr
, the undershoot of V





























It should be emphasized that the large sensitivity of ENI to the actual shaping (to the power -3/2)
requires a precise specication of the overall t
p
() in order to obtain a reliable gure.
13




















=FWHM . It shows that t
p
() is not a good indicator of the pileup integral ; t
p
() is better
and FWHM is the best (within 0.5%).









() is not much
better as can be seen from Fig.7, which leads to favour the specication of the peaking






better invariant, although not completely satisfactory
15
, the best variable being the full
width at half maximum (FWHM), as shown in Fig.7.
For example, assuming the shaping foreseen in ATLAS (cf. 2.5)  = 16 ns and  = 1,
and using Table 2 leads to a pileup integral : I
2
pu
= 50 ns. This corresponds to 2 bunch
crossings, showing that with this shaping, the pileup is
p
2 worse than with an innitely
fast detector and shaping. A more accurate calculation [13], using the exact response to
the triangle given by Eq.(13), yields I
2
pu
= 54.5 ns, showing that the undershoot due to
the triangle increases the pileup integral by less than 10%.
15
This is due to the fact that with a CR RC
2
shaper, the signal is not very symmetrical.
14
The rst integral is calculated with Monte-Carlo simulations [13]. In ATLAS, there
is an average of 18 minimum bias events per bunch-crossing
16
at the maximum luminosity






, which give without shaping 
E
 220 MeV at  = 0 rapidity in
 = 0:0750:175, canonic 37 cluster size. Using Eq.(38) with the shaping time
described above, leads to a pileup noise with shaping : 
pu
= 315 MeV.
2.4.6 Shaper noise contribution
The shaper noise e
sh
can be referred to the preamp input by dividing by the preamp
transfer function H
pa
(s) given by Eq.(3). It gives two terms : one which behaves like
































  , the preamp acts as an ideal current preamp and the shaper noise
behaves like a parallel noise. When 
pa
  , the preamp acts as an ideal charge preamp












For example : on the prototype tested in RD3 with monolithic GaAs preamps,
typical values were C
d









Hz for the shaper and an attenuation of 6 dB (=0.5) between the preamp and
the shaper due to the cable termination at both ends, the shaper noise can be referred to

















Hz for the parallel
noise (cf. supra).
2.5 Optimum shaping















in which the rst two terms represent the series and parallel noise and the third, the
pileup noise. It should be emphasized that when the preamplier is not ideal (
pa
6= 0),
the coecients A, B and C are not independent of  , as they vary with  = 
pa
= . One
simplication occurs if the pole in the preamplier 
pa
is set equal to the shaper time
constant  (see footnote 6), which is roughly the case in ATLAS around the optimum
shaping (cf. 2.2.1), but not elsewhere. Another possibility is to use the peaking time to
the triangle (or to the step) as a good global variable to evaluate the electronic and pileup















is the luminosity and  = 70 mb is




The frequency independent term is similar to parallel noise, whereas the term scaling as !
2
is similar
to series noise (cf. Eq.(27))
15
Figure 8: Total noise in a 3 x 7 tower of the EM calorimeter, as a function of the overall
peaking time (5-100%) to the triangle : t
p
() (details in footnote 14 ; the parallel noise has been
doubled for clarity ; pileup from [13]). The optimum is 
opt
= 420 MeV at t
opt
() = 47 ns with
LAr compared to 370 MeV at 36 ns for LKr.
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in which A', B' and C' are fairly constant.
For example, using gures for ATLAS
18





and C'= 50 MeV.ns
1=2
. With liquid krypton
19
, A' = 38 000 MeV.ns
 3=2
.
The total noise is represented in Fig.8.
It can be seen that there is an optimum shaping time t
opt
() which minimizes the
total noise (at a given luminosity). Usually, the parallel noise B' can be neglected and























































Calculated for the barrel at  = 0, lled with LAr giving 2.5 A/GeV for electrons. Assuming a 37
tower with 3 compartments in depth : Front, Middle and Back plus a presampler, as described in [1].






 100 pF input capacitance
plus C
stray
 50 pF stray capacitance on the motherboard holding the preamps. Feedback network is





 15 ns. The shaper time constant is set  = 16 ns, leading to t
p





Hz to include the 6 dB attenuation due to the cable termination at both ends. The




with Eq.(41). Using Eq.(35) with t
p
() = 40 ns and  = 1 yields :








 Front : 48 cells with C
det








= 300 pF, e
n




= 1:5 1 = 1:8 pA/
p
Hz.
ENI = 28 8 = 29 nA rms ) ENE = 12 MeV.
 Middle : 21 cells with C
det








= 1050 pF, e
n




= 3 4 = 5 pA/
p
Hz.
ENI = 98:5 22 = 101 nA rms ) ENE = 40 MeV.
 Back : 12 cells with C
det








= 1250 pF, e
n




= 3 4 = 5 pA/
p
Hz.
ENI = 116:5 22 = 119 nA rms ) ENE = 48 MeV.
 Presampler : C
det
= 40 pF.
The contribution from the presampler is neglected here as the noise is small and only a few cells are
taken into account for energy measurements (the shower is very narrow at the beginning).
 Total series noise (t
p








12 46:6 = 255 MeV
 Total parallel noise (t
p








12 8:8 = 55 MeV
19





Hz). The parallel noise slightly increases due to the higher temperature (T=120 K). The main
improvement comes from the higher current yield : I
0
= 4:2A/GeV (see footnote 5), leading to a total
series noise at t
p




The fact that the optimum shaping time changes with the luminosity is dealt with
by hardwiring the shaping for the highest luminosity, and slowing
20
the signal down by
combining digitally several samples of the waveform at lower luminosity [2].
2.6 Higher order shapers : CR RC
n
It is well known that the signal to noise ratio is improved by increasing the number of
integrations in the shaper using a CR RC
n













Similar calculations can be performed on signal and noise, assuming an ideal current
preamplier ( = 0). Notations similar to those in 2.2.




















































































































































in which n!! = n  (n  2)  (n  4)    and 0!!=1.
20
Although the reverse operation is possible (accelerating digitally), it is quickly penalized by post-
shaper and quantization noise, as subtractions must be performed
18
The results are summarized in Tables 3 and 4. The noise coecients, as dened in
Eq.(32) and (34) are plotted in Fig.9. They show clearly that the peaking time t
p
5-100%
is a better invariant
21
(although not perfect) than t
max
0-100%.
Factor of merit : assuming the parallel noise is negligible, the minimum noise can
be calculated from Eq.(45) as a function of the number of integrations n. Replacing A





























The result is shown in Table 4 and indicates that the improvement obtained by increasing
















2 0.2306 0.586 0.574 0.2707 2 1.820 1.174
3 0.1306 1.268 1.144 0.2240 3 2.523 1.715
4 0.0902 2 1.653 0.1954 4 3.136 2.165
5 0.0686 2.764 2.111 0.1755 5 3.686 2.559
6 0.0551 3.55 2.530 0.1606 6 4.188 2.915
Table 3: Maximum amplitude h
max
, peak position t
max
and peaking time t
p
(5-100%) for an





















2 3/32 1/32 2.559 1.006 1.012 2.777 0.881 1.246
3 1/64 1/64 3.114 1.024 0.895 2.236 0.886 1.123
4 3/512 5/512 3.581 1.091 0.852 2.176 0.896 1.084
5 3/1024 7/1024 3.995 1.146 0.830 2.183 0.904 1.063
6 7/4096 21/4096 4.372 1.193 0.817 2.206 0.912 1.051
Table 4: Noise and Pileup integrals for an ideal preamplier followed by a CR RC
n
shaper.
Series and Parallel noise coecients in ENC and ENI as dened by Eq.(33) and (35). Factor
of merit as dened in Eq.(54).
21
This is due to the fact that with high order shapers, there is a kind of delay before the output signal
actually rises. During this period, there is no contribution to the signal nor to the noise, so that the peak
position t
max
does not represent the actual bandwidth of the shaper. It is thus better to take a point
where the output voltage has started to rise. For accuracy in measurements, the value of 5% was chosen
in order to be above of the noise and have a slope steep enough to get good time location.
19
Figure 9: Series and Parallel noise coecients in ENC (top) and ENI (bottom) for an ideal
preamp followed by a CR RC
n

































dened in Eq.(35). The peaking time 5-100% is a better invariant in the noise estimation than
t
max
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Figure 10: Block diagram of the shaper
The requirements for the shaper are the following :
i) Input impedance : it should be 50 
 in order to terminate the cable from
the preampliers. The precision here is not essential as the cable is terminated at both
ends. However, any change over the whole dynamic range would result in non-linearity as a
variable part of the signal gets reected. For the ;T, the input impedance is unimportant,
but as we aim at a single design, we also impose a constant input impedance (although
possibly higher).





() = 40 ns, which corresponds to =16 ns in the shaper, assuming 
pa
=15
ns. A uniformity better than 1 ns would eliminate the need for channel to channel timing
correction.
iii) Noise : as shown in 2.4.6, the very low noise achieved by the preamps [5]





Hz for reasonnable contribution.
iv) Power dissipation : the foreseen location of the shapers in the crack be-
tween barrel and end-cap calorimeters requires a high level of compactness, with typically





v) Linearity : the choice of having two linear outputs with high and low gain
instead of dynamic compression [3] argues for very good linearity (better than 1%) in
order to take the full benet of linear systems.
vi) Output : typically a 4 V swing in a 1 k
 load impedance, is compatible with
the following stage located nearby.
vii) Gain ratio : must still be optimized as a function of the number of bits in the
readout. It would range between 8 and 32.
The architecture retained consists of two sections in parallel : high gain and low gain,
with similar design, except for the input stage which also provides the cable termination.
In order to accomodate to the large dispersion in resistor values (20%) and capacitor
values (10%) of the process, an adjustment has been included with extra capacitors and
switches in parallel with those that determine the shaping time. 4 bits, common to the
whole chip, allow a tuning of 40% around the central value, with a resolution of 5%
corresponding to 1 ns. The global schematic is shown in Fig.10.
3.2 High gain input stage
The high gain input stage (cf. Fig.11) provides a rst amplication in order to make the
noise from following stages negligible, a rst integration (RC) and a constant 50 
 input

























Figure 11: Schematic diagram of the high gain input stage
A common base conguration (Q3) has been chosen to make an active termination
as it minimizes noise and exhibits good overload behaviour. In order to improve the
linearity, Q3 has been inserted in the feedback loop of a rudimentary amplier (Q1-Q2),
which decreases the input impedance of Q3 ( 1=g
m3




















which is very close to the value of R
e
, set to 50 
.












in which the resistors ratio determine the gain with a good precision. The pole RC = 
yields the rst integration. The signal is buered to the second stage with a White follower
(Q4-Q5) described in the next paragraph.

















is the base spreading resistance of Q1.
The noise is minimized by using a large transistor for Q1 to reduceR
bb0
and operating
it at a relatively large collector current, around 3 mA.













Figure 12: Schematic diagram of the low gain input stage
The low gain input stage (cf. Fig.12) only provides the rst integration (RC). The
noise performance here is non critical and no amplication is needed, so that a simple RC
network followed by a buer is adequate.
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The buer is built around a White follower (Q4-Q5) as a low output impedance
is needed here to ensure good linearity. This overcomes the weaknesses of lateral PNP
transistors such as Q4. The transistor pair forms a closed loop conguration, in which
local feedback is used to decrease the output impedance to a fraction of an Ohm. However,
the stability of such a conguration needs careful attention, especially when driven from
a low impedance or with capacitive loading.
3.4 Second stage
The second stage is similar in both sections : it provides the dierentiation, the second
integration and some gain. The same common base conguration is used (cf. Fig.11),
although operated at lower current to reduce the power dissipation. A gain of 4 is taken
here in order to recover the signal attenuation (0.27) due to the dierentiation, whereas
the second integration is given by the pole on the collector. Again, a White follower is
used as the output stage.
4 Experimental results
The rst prototype described hereafter was designed slighltly dierently from the require-
ments listed above, mainly for historical reasons. It is a little faster, the time constant
being set to  = 13 ns, with R = 1 k
 and C = 12 pF + 1 pF from the transistors. The
high gain was set to 10 using ten resistors R in parallel for R
e
, which led to an input
impedance of 100 
. There were 4 bi-channels per chip.
4.1 DC parameters
Single test transistors have been included on the chip, a NPN an a lateral PNP. Their
measured characteristics have been found in good agreement with the Spice parameters
used for the simulations. The current gain for the NPN was 
NPN
= 80 at I
c
= 1 mA,
whereas for the lateral PNP, 
PNP
was only 10 at I
c
= 0.2 mA (typical operating points).
Concerning passive components, the resistor R and capacitor C determining the shaper
time constant were implanted separately. R was measured as 950 
 and C gave 12.5 pF.
4.2 Dynamic measurements
The step response of the shaper (Fig.13) gives a temporal waveform close to that predicted
by simulation. For the unity gain section, simulation indicated a gain of 0.91 and a peaking
time (5-100%) for a step input of 24 ns (all bits OFF). It diers from the ideal expression
of 2.2 because of second order poles. Measurements gave a gain of 0.84 and a peaking
time of 26 ns. The slight discrepency in peaking time is probably due to some extra
capacitance and explains the smaller gain. The high gain section gave a gain of 7.2 with
the same peaking time.
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Figure 13: Measurement of the shaper time response for a step input, with minimum and
maximum adjustment
4.3 Peaking time adjustment
The peaking time (5-100%) has been measured on 8 chips with 4 bi-channels. The rms
of the dispersion amounted to 0.95 ns, which conrms our assumption of good uniformity
over a same chip, and even over a wafer. The peaking time adjustment with the 4 bits
is shown in Fig.13. With all bits OFF, the peaking time was measured t
p
() = 26 ns,
whereas all bits ON gave 42 ns. Thus, one bit gives a variation of 1 ns, as required.
4.4 Saturation and crosstalk
The high gain has been checked for saturation behaviour, showing no dead time longer
than the drift time t
dr
. During this time, the signal shape is distorted, mainly because the
dierentiation is taken after the saturation to conserve zero signal area. Unfortunately, it
has not been possible to measure the crosstalk between adjacent channels, because of a
high frequency oscillation which occurs when several channels are powered simultaneously.
It comes presumably from couplings in the power supplies and bonding inductance, for
which the White follower is particularly sensitive.
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4.5 Linearity
The linearity has been measured on both high gain and low gain sections, with the peaking
time set at a median value (t
p
() = 32 ns) to take into account a possible eect of
the switches. The residuals to a best line t (Fig.14) indicate an integral non-linearity
[(data - t)/max] better than 0:3% for both gains. The "relative" non-linearity [(data
- t)/data], which is actually much more demanding, is also satisfactory (in the percent
range) as shown in Fig.14. This conrms the stability of the input impedance over the
dynamic range.
Figure 14: Integral and "relative" non linearity of the shaper
4.6 Noise
The noise spectral density has been measured (Fig.15) on the high gain output, using














Hz. Thus, the shaper
alone exhibits a noise density of 1.2 nV/
p
Hz, corresponding to 85 
 noise resistance; it






The rms noise at the high gain output has been measured : V
n
= 80V at t
p
() =
26 ns, in good agreement
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with the spectral density. On the low gain output, the rms
noise has been measured V
n
= 40V. With the 4 V maximum output voltage, this leads
to a dynamic range of 50,000 (resp. 100,000) for the high gain (resp. low gain).
22









= 26.6 (in which 7.2 is the measured gain for a step input given in 4.2). The rms noise at the output is












Figure 15: Noise spectral density at the high gain input
5 Conclusion
Analytical calculations indicate that the peaking time to the triangle (t
p
()) should be
the favoured specication for the time response of the front end electronics. Experimental
measurements on the rst prototype of a monolithic NPN shaper for ATLAS have given
good results concerning the speed, the peaking time adjustment and the noise. A high
frequency oscillation problem in the White followers will almost certainly be resolved in
the next iteration.
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